We report the application of a versatile diblock copolymer, poly(ethylene oxide)-b-poly(γ-methacryloxypropyl trimethoxysilane) (PEO-b-PγMPS), to prepare nanocrystals such as iron oxide nanoparticles or quantum dots, with either a single core or multi-core cluster, for biomedical applications. This amphiphilic copolymer comprises both a hydrophilic PEO segment and a hydrophobic segment with a "surface anchoring moiety" (the silane group) which can interact effectively with the hydrophobic nanocrystals through ligand exchange. One of the unique features of this work is that we can control the formation of either single core nanoparticles or multi-core nanoclusters by simply varying the conditions of ligand exchange and aging of the mixture of block copolymer and nanoparticles without needing to change the copolymer. The morphologies of the resulting single core nanoparticles or multi-core nanoclusters were confirmed by dynamic light scattering and transmission electron microscopy. The clustered nanoparticles exhibit enhanced physicochemical properties that are beyond those expected from a simple accumulation of individual nanoparticles. Additionally, the hybrid nanoparticles containing both magnetic iron oxide nanoparticles and optical quantum dots obtained using our strategy provide have combined magnetic and optical functionalities that allow for potential new and expanded biomedical applications, as demonstrated by their use for magnetic resonance imaging and biomarker-targeted cell imaging.
Introduction
Nanoparticles, such as magnetic iron oxide nanoparticles (IONPs) and semiconductor quantum dots (QDs), offer a range of unique and tunable physicochemical properties for developing biomedical applications [1] , including magnetic resonance imaging (MRI) contrast agents in the case of IONPs [2] and ultra-bright and multiplex fluorescent labeling agents in the case of QDs [3] . However, most high quality nanocrystals synthesized in the solid phase or in organic solvents and stabilized with hydrophobic ligands are not readily applicable for biological applications without appropriate surface modifications and functionalization to make them soluble in water without undergoing aggregation under physiological conditions [4] .
Although some small molecule coating materials can be used to make nanocrystals water soluble [5, 6] , biocompatible polymers play a very important role in functionalizing nanocrystals for biomedical applications, such as imaging and drug delivery [7, 8] . These polymers can be divided into two categories. One class of polymers can be bound onto nanoparticles due to multivalency effects or ligand exchange [9] [10] [11] . They are usually water soluble and can make nanocrystals monodisperse. Gao et al., for instance, developed an amphiphilic triblock copolymer which can be employed to coat nanoparticles via ligand exchange and make hydrophobic nanocrystals monodisperse in aqueous solution [9] . The other class comprises block copolymers which cannot undergo ligand exchange, but can self-assemble into micelles in water and encapsulate nanocrystals by the simultaneous co-precipitation method [12] [13] [14] [15] [16] . As well as single core nanoparticles, stabilized nanoparticle clusters can also be prepared and controlled using such block copolymers. In this case, the hydrophilic blocks form the corona, which provides the stabilization, while the hydrophobic blocks isolate the core of the nanoparticles from the solvent [17] . Ai et al. [12] studied poly(ε-caprolactone)-b-poly(ethylene glycol) (PCL-b-PEG) as a source of micelles to encapsulate multiple magnetic nanoparticles to form nanoparticle clusters. Kim et al. also investigated the self-assembly of multicomponent nanoparticles using the block copolymer polystyrene-b-poly(acrylic acid) (PS-b-PAA) [14] . Nanoparticles with different morphologies have different advantages in terms of biomedical applications. For single core nanoparticles, the minimum hydrodynamic size is favorable for in vivo applications [18] . The capabilities and functionalities of clustered nanoparticles may be enhanced compared with individual nanoparticles, leading to expanded biomedical applications [12, 19] . It is worth noting that for the polymer coatings reported in the literature, different polymers are required to stabilize either single core or clusters of nanoparticles. To our knowledge, previously reported coating polymers are capable of forming and stabilizing either monodisperse single core or clustered nanocrystals, but are not versatile enough to do both.
Here we demonstrate that when our newly developed polysiloxane-containing amphiphilic diblock copolymer, poly(ethylene oxide)-b-poly(γ-methacryloxypropyl trimethoxysilane) (PEO-b-PγMPS) [20] , is employed as a coating for hydrophobic nanocrystals, either single core nanocrystals or multi-core products of the same or different types of nanocrystals (e.g., IONPs and QDs) can be obtained by varying the coating conditions. The versatility and controllability of this block copolymer in forming either single or multi-core nanoparticles is likely due to the hydrophobic PγMPS block. By enhancing ligand exchange with nanocrystals through aging the copolymer and facilitating the "anchoring" of PγMPS blocks on the surface of nanocrystals [5, 11] , water-soluble nanoparticles with a single core were generated. Conversely, minimizing the ligand exchange by not aging the mixture of copolymer and nanocrystals resulted in the formation of multi-core nanocrystal clusters, with a number of nanoparticles encapsulated during self-assembly of the block copolymers in water [12] . By assembling multiple nanocrystal cores, multi-core nanoparticles, e.g., IONP clusters, QD clusters or IONP-QD hybrids, can be obtained which exhibit magnetic and optical properties and/or multifunctional capabilities that can enhance and expand their biomedical applications, such as MRI contrast enhancing and biomarker targeted cell imaging.
Experimental

Materials
γ-Methacryl oxypropyltrimethoxysilane (γMPS, 98%, Aldrich) was purified by distillation under reduced pressure. 2,2-Azobis(isobutyronitrile) (AIBN, 98%, Aldrich) used as an initiator was purified by recrystallization in ethanol. Sulfosuccinimidyl-4-(Nmaleimidomethyl), cyclohexane-1-carboxylate (Sulfo-SMCC, Pierce Biotechnology), and Cyclo(Arg-Gly-Asp-D-Phe-Cys) (RGD-SH, Peptides International, Inc) were used as received. Carbon disulfide (99.9%), magnesium turnings (> 99.5%), 2-chloro-2-phenylacetyl chloride (CPAC, 90%), poly(ethylene oxide) monomethyl ether (PEO) (Mn = 5000 g/mol, Mw/Mn = 1.10), anhydrous dioxane (99.8%), anhydrous tetrahydrofuran (THF, 99.8%), (3-aminopropyl)trimethoxysilane (APTMS), and all other chemicals were purchased from Aldrich.
Synthesis and coating of nanoparticles
Hydrophobic iron oxide nanocrystals were prepared by heating iron oxide powder and oleic acid in octadecene at 315 °C [21] . CdSe/ZnS QD nanocystals with emission peaks at 576 or 604 nm were prepared using the typical successive ionic layer adsorption and reaction, or solution atomic layer epitaxy techniques [22] . PEO-b-PγMPS diblock copolymer was synthesized by reversible addition fragmentation chain transfer (RAFT) polymerization as previously reported [23] . The method for coating single core nanocrystals has been reported elsewhere [20] . For preparing nanoclusters of IONPs and QDs, the fresh mixture of nanocrystals and polymer solution without aging was added dropwise to water. For the preparation of IONP-QD hybrid nanoparticles, the same volume (1.0 mL) of IONPs (5.0 mg/mL in THF) and QDs (1.0 mg/mL in THF) which had been aged in the polymer coating solution were mixed together. The mixture was added dropwise to 10 mL of water. After dialysis with water, the resulting solution was purified four times by means of a magnet.
Characterizations of nanoparticles
The average hydrodynamic diameter and size distribution of the as-obtained single core nanoparticles and nanoclusters were measured using a dynamic light scattering (DLS) instrument (Malvern Zetasizer Nano S-90). The core sizes of the copolymer-coated nanocrystals and the thickness of the polymer layers were viewed by transmission electron microscopy (TEM, Hitachi H-7500 (75 kV)). Fluorescence absorption spectra were obtained with a scanning spectrophotometer (Shimadzu UV-2401PC). Photoluminescence spectra were acquired using a spectrofluorometer (SPEX FluoroMax-2). The saturation magnetization (Ms) value was measured with a vibrating sample magnetometer (Lakeshore, Inc.). The applied magnetic field was varied from 10,000 to -10,000 Oe. The Ms in emu/g Fe was normalized to the iron concentration which was determined by spectrophotometry [24] . MRI experiments were carried out on a 3 Tesla MRI scanner (Siemens Medical Solutions, Erlangen, Germany). For measurements of transverse relaxation time, T 2 , which is a parameter measuring the MRI contrast effect, a multi-echo spin-echo sequence was used to simultaneously collect 20 data points at different echo times (TE = 6 to 180 ms with an increment of 6 ms) [12] .
Conjugation of cell targeting RGD ligands and cell binding assay
Hybrid IONP-QD nanoparticles functionalized with amine groups were conjugated with the thiolated small peptide RGD-SH through a heterobifunctional linker Sulfo-SMCC [20] . For testing the binding of nanoparticles to cancer cells, U87MG human glioma cell line, which over express the tumor integrin α v β 3 , was maintained in a humidified incubator (95% air; 5% CO 2 ) at 37 °C [20] . Approximately 10 5 U87MG
human glioma cells were seeded in each cell culture chamber. Cells were fixed with 4% paraformaldehyde before the addition of targeted RGD-conjugated hybrid nanoparticles or non-targeted nanoparticles. Afterwards, 100 nmol/L RGD-conjugated IONP-QD hybrid nanoparticles or hybrid nanoparticles without RGD were added to two chamber slides, and the incubation was performed at room temperature for 2 h with gentle shaking. Subsequently, one slide was processed with Prussian blue staining for iron followed by nuclear fast red counterstaining for cells and then viewed by an optical microscope. The other slide was stained with 4',6-diamidino-2-phenylindole (DAPI) for cell nuclei and then mounted for examination using a confocal microscope (LSM 510, Carl Zeiss, Oberkochen, Germany). QDs were excited with a 543 He-Ne laser and the images were captured with a 560-615 nm band pass filter.
Results and discussion
By controlling the aging process of the mixture of copolymer PEO-b-PγMPS and hydrophobic IONPs (with a core size of ~13 nm and coated with oleic acids) in THF, aqueous soluble monodisperse single core IONPs or multiple core clusters of IONPs were obtained after the nanocrystals were transferred into water, as shown schematically in Fig. 1(a) . DLS ( Fig. 1(b) anisotropic dipolar forces between the nanoparticles when deposited on a TEM grid, as first predicted by Luttinger and Tisza [25, 26] . It is important to stress that both single core and clustered IONPs were prepared with the same coating polymer, which has not been previously reported, to the best of our knowledge. Some recent reports have shown that the MRI contrast, e.g., the signal drop with T 2 weighted imaging, can be significantly enhanced by clustered IONPs [12, [27] [28] [29] [30] . However, the samples of single or clustered IONPs employed were coated with different materials which may have affected their magnetic properties [12, 28, 31] . Our measurements of transverse T 2 relaxation times showed that the clustered IONPs exhibit an approximate 3.7-fold increase in the transverse relaxation rate R 2 (1/T 2 , s -1 ) when compared to that of single core IONPs coated with the same copolymer, providing higher MRI contrast at the same Fe concentration (Fig. 2(a) ). This significant enhancement in MRI contrast effect may be attributed to the synergistic magnetism of multiple IONPs as suggested by Lee et al. [32, 33] . In their study, similar results were observed using a core-satellite nanoparticle complex formed with multiple IONPs in a silica matrix [32] . In the amphiphilic copolymer-encapsulated nanoparticles, the hydrophobic blocks of the copolymer allow for isolation of nanocrystal cores. Each nanoparticle is discrete, resulting in the enhanced physicochemical properties of the nanoparticle clusters compared with those of the monodisperse single core nanoparticles [12, 34] . It is worth noting that nanoparticles trapped in liposomal or phospholipid structures tend to form agglomerates and, therefore, they may not achieve the maximum physicochemical properties associated with individual nanoparticles acting collectively [35] . The enhancement of the physical properties of the clusters was also demonstrated by measurement of the saturation magnetization (Ms). Figure 2(b) shows the magnetization curves and hysteresis loops for both single core and clustered IONPs at room temperature. The hysteresis loops show almost zero coercivity for both monodisperse single core and clustered IONPs, indicating the superparamagnetic behavior of both materials. The Ms values for the single core and clustered IONPs are 41.7 and 110.3 emu/g Fe, respectively. As expected, the IONP cluster has a much higher Ms than that of its single core counterpart with the same core size. Interestingly, the Ms of clustered IONPs is higher than that of 150 nm single dispersed magnetite nanoparticles (75.6 emu/g) reported by Goya et al. [36] as well as the theoretical value of bulk magnetite (92.0 emu/g) [37] . Since the Ms value has been normalized for the amount of iron, the higher magnetization of the IONP clusters reveals that the unique morphology of the clusters prepared with our amphiphilic copolymer may enhance the magnetic properties of IONP, which is not possible for a single particle counterpart. We believe that the ultrahigh Ms value of the clustered IONPs may offer greater capabilities for biomedical applications, such as MRI contrast enhancement, hyperthermia therapy [38] , and magnetic separations [39] .
A simple strategy, similar to that for making monodisperse single core or clustered IONPs, was used to coat single core optical nanoparticle CdSe/ZnS QDs QDs or form clusters of QDs in aqueous solution. Figures 3(a) and 3(b) show TEM images of PEO-b-PγMPS copolymer-coated QDs in single core and cluster formations, respectively. The QD clusters consisted of an average of 12 QDs. DLS measurements of the hydrodynamic sizes of the two formations of QDs in solution showed overall sizes of 12 nm for monodisperse single core QDs and 38 nm for the QD clusters ( Fig. 3(c) ). The fluorescence intensities of the single core QDs and clustered QDs are compared in Fig. 3(d) . With excitation at 450 nm and the same optical density, the fluorescence intensity from the QD clusters was 1.6 times stronger than that of single core QDs, offering potential improvements in ultrasensitive detection and imaging of cells with the clustered QDs [34] . It was noticed that there was a slight blue shift for the single core nanoparticles, possibly caused by erosion of the QDs in water [20] . However, this phenomenon needs to be further investigated.
Using the PEO-b-PγMPS copolymer and the coating strategy reported here, multifunctional magnetic fluorescent IONP-QD hybrid nanoparticles were also obtained. The TEM image in Fig. 4(a) reveals that the IONP-QD hybrid nanoparticles are composed of a larger IONP and a smaller QD. This is consistent with measurements by DLS, which showed that the hybrid nanoparticles have a hydrodynamic size of 26 nm (Fig. 4(b) ). Since single core IONPs have a hydrodynamic size of 23 nm, this suggests that each hybrid nanoparticle has a single IONP core (13 nm) . From the ratio of IONP and QD used for the preparation of the hybrid nanoparticles and the survey of visible hybrid nanoparticles in the TEM images, it is appears that most of the hybrids consist of one IONP and one QD. Accurate quantification of the ratio of IONPs to QDs in the hybrids and development of a strategy for controlling the ratio of IONPs and QDs in the hybrids are currently underway. Figure 4(c) shows the absorption spectrum of the IONP-QD hybrid nanoparticles. The absorption peak around 560 nm is attributed to the presence of QDs in the IONP-QD hybrid, which is further confirmed by the absorption and fluorescence emission spectrum after subtracting the background due to IONP (Fig. 4(d) ). However, the quantum yield (QY) of the IONP-QD hybrid nanoparticles was only 17.3% of the QY of the QDs in the absence of IONPs; this is likely due to the "quenching" effect of the iron oxide. To further confirm the formation of IONP-QD hybrid nanoparticles and investigate the possibility of magnetic separation of the hybrid nanoparticles, an external magnet was applied to the solution of IONP-QD hybrid nanoparticles overnight. Under the force of the magnetic field, the hybrid nanoparticles were accumulated at the bottom of the vial as shown in the insert (A) of Fig. 4(d) . To verify the concurrent presence of QDs in the clusters, the sample was excited with a UV lamp, resulting in the observation of fluorescence from the accumulated IONP-QD hybrid nanoparticles at the bottom of the vial as shown in the insert (B) of Fig. 4(d) . With gentle shaking, the accumulated IONP-QD hybrid nanoparticles were easily redispersed to their original homogeneous state in solution as seen under irradiation with a UV lamp (C) and normal lighting (D). Different from the sequential growth of QDs onto magnetic nanoseeds to afford hybrid nanoclusters, as reported by others [19] , we have demonstrated that the PEO-b-PγMPS polymer is capable of forming magnetic fluorescent hybrid nanoparticles with the QD assembled on a single IONP in a simultaneous encapsulation process.
Recently multi-modal imaging probes that can expand the capabilities and functionalities of single nanoparticles have attracted increasing interest for various biomedical applications [40] [41] [42] [43] [44] . To demonstrate the potential applications of our magneticoptical hybrid nanoparticles for cancer cell targeting and imaging, the IONP-QD hybrid nanoparticles coated with functionalized PEO-b-PγMPS copolymer were conjugated with the thiolated small peptide cyclo(Arg-Gly-Asp-D-Phe-Cys) (RGD-SH) using the same method reported previously to target tumor integrin α v β 3 [20] . U87MG human glioma cells overexpressing α v β 3 integrin were treated with the RGD-conjugated IONP-QD hybrid nanoparticles and then examined by immunohistochemical analysis. Substantial positive Prussian blue staining for iron was observed in the U87MG cells, indicating the binding of the α v β 3 integrin-targeted IONP-QD hybrid nanoparticles (Fig. 5(a) ). Confocal microscopic imaging of those U87MG cells bound with RGD-conjugated hybrid IONP-QD nanoparticles revealed α v β 3 integrintargeted IONP-QD hybrid nanoparticles residing around the cell membrane, as evidenced from the fluorescence from the QDs (Fig. 5(b) ). In contrast, after incubation of U87MG cells with hybrid nanoparticles without conjugated RGD ligands, both Prussian blue staining and the confocal microscopic imaging did not show any non-specific binding of IONP-QD hybrid nanoparticles (Figs. 5(c) and 5(d) ).
Conclusions
We report the application of a versatile polysiloxanecontaining block copolymer to prepare and control the formation of monodisperse single core and clustered IONPs and QDs as well as magneticoptical hybrid nanoparticles containing both IONPs and QDs. Clustered IONPs show substantially higher saturation magnetization and relaxivity than their single core nanoparticle counterpart, offering enhanced capabilities in biomedical applications, such as MRI contrast enhancing, magnetic separation, and hyperthermia. Similarly, the clustered QDs exhibit a stronger emission than their single particle counterpart. The hybrid IONP-QDs nanoparticles, after further functionalization with the biomarker-targeting RGD peptide ligand, offer both magnetic and optical properties for potential application as dual-modal imaging nanoprobes and optical imaging-assisted magnetic separations.
